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SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of application Ser. No.

14/013,741, filed Aug. 29, 2013, and 1s based upon and claims
the benefit of priority from Japanese Patent Application No.

2012-244778, filed on Nov. 6, 2012; and Japanese Patent
Application No. 2013-110390, filed on May 24, 2013; the
entire contents of each of which are incorporated herein by
reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor device.

BACKGROUND

Recently, an IGBT (insulated gate bipolar transistor), a
diode and the like are used as semiconductor elements used
for a power conversion device such as an inverter. The diode
1s typically used as a back-flow diode and connected antipar-

allel to the IGBT. Thus, the diode 1s referred to as free wheel-
ing diode (FWD).

For the characteristics improvement ol a power conversion
device such as an inverter, the characteristics improvement of
the FWD 1s important along with the characteristics improve-
ment of the IGBT. Important characteristics of the FWD
include the on-voltage (voltage drop 1n the conducting state),
switching time (extinction time of the recovery current at
turn-oil time), and safe operating area at turn-oif time (area
free from breakdown even under voltage application when the
recovery current 1s flowing). Furthermore, for FWD, 1t 1s
more desirable that the current/voltage oscillation at turn-off
time be smaller. Among them, 1t 1s 1important to expand the
sale operating area at turn-ofif time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are schematic views of a semiconductor
device according to a first embodiment;

FIGS. 2A and 2B are schematic sectional views showing a
process for manufacturing the p~-type anode region of the
semiconductor device according to the first embodiment;

FIG. 3 1s a schematic sectional view showing the operation
of the on-state of the semiconductor device according to the
first embodiment;:

FI1G. 4 1s a schematic sectional view showing the operation
of the on-state of the semiconductor device according to the
first embodiment:

FIG. 5 1s a schematic sectional view showing the operation
of the turn-off state of the semiconductor device according to
the first embodiment;

FIG. 6 1s a schematic sectional view showing the operation
of the turn-off state of the semiconductor device according to
the first embodiment;

FI1G. 7 1s a schematic sectional view showing the operation
of the turn-off state of a semiconductor device according to a
reference example;

FIGS. 8A to 8C are schematic sectional views of semicon-
ductor devices according to variations of the first embodi-
ment;

FIGS. 9A and 9B are schematic views of a semiconductor
device according to a second embodiment;
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2

FIGS. 10A to 10C are schematic sectional views of semi-
conductor devices according to variations of the second

embodiment;

FIGS. 11A and 11B are schematic views of a semiconduc-
tor device according to a third embodiment;

FIGS. 12A to 12C are schematic sectional views showing
the process for manufacturing the semiconductor device
according to the third embodiment;

FIG. 13 1s a schematic sectional view of a semiconductor
device according to a first variation of the third embodiment;

FIGS. 14A and 14B are schematic sectional views showing,
the process for manufacturing the semiconductor device
according to the first variation of the third embodiment;

FIGS. 15A and 15B are schematic sectional views of semi-
conductor devices according to varnations of the third
embodiment;

FIG. 16A 1s a schematic sectional view of a semiconductor
device according to a first example of a fourth embodiment,
and FI1G. 16B 1s a schematic sectional view of a semiconduc-
tor device according to a second example of the fourth
embodiment;

FIGS. 17A to 17C are schematic sectional views showing,
a process for manufacturing the semiconductor device
according to the first example of the fourth embodiment;

FIG. 18A 15 a schematic sectional view of a semiconductor
device according to a first example of a filth embodiment,
FIG. 18B 1s a schematic sectional view of a semiconductor
device according to a second example of the fifth embodi-
ment, and FIG. 18C 1s a schematic sectional view of a semi-
conductor device according to a third example of the fifth
embodiment;

FIG. 191s a schematic perspective view of a semiconductor
device according to a first example of a sixth embodiment;

FIG. 201s a schematic perspective view of a semiconductor
device according to a second example of the sixth embodi-
ment,

FIG. 21A 1s a schematic sectional view of a semiconductor
device, FI1G. 21B 1s a graph showing the impurity concentra-
tion profile of a semiconductor device according to a first
example of a seventh embodiment, and FIG. 21C 1s a graph
showing the impurity concentration profile of a semiconduc-
tor device according to a second example of the seventh
embodiment;

FIG. 22 1s a schematic sectional view of a semiconductor
device according to an eighth embodiment; and

FI1G. 23 1s a schematic plan view of a semiconductor device
according to a ninth embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a semiconductor
device includes: a first electrode; a second electrode; a first
semiconductor layer of a first conductivity type provided
between the first electrode and the second electrode; a second
semiconductor layer of the first conductivity type provided
between the first semiconductor layer and the second elec-
trode, and the second semiconductor layer having a lower
impurity concentration than the first semiconductor layer; a
first semiconductor region of a second conductivity type pro-
vided between part ol the second semiconductor layer and the
second electrode; a second semiconductor region of the sec-
ond conductivity type provided between a portion different
from the part of the second semiconductor layer and the
second electrode, and the second semiconductor region being,
in contact with the first semiconductor region; and a third
semiconductor region of the second conductivity type pro-
vided between at least part of the first semiconductor region
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and the second electrode, impurity concentration of the third
semiconductor region at a surface 1n contact with the second

clectrode 1n the third semiconductor region being higher than
impurity concentration of the first semiconductor region at a
surface 1n contact with the second electrode 1n the first semi-
conductor region and impurity concentration of the second
semiconductor region at a surface in contact with the second
clectrode 1n the second semiconductor region, and thickness
ol the second semiconductor layer sandwiched between the
first semiconductor region and the first semiconductor layer
being thinner than thickness of the second semiconductor
layer sandwiched between the second semiconductor region
and the first semiconductor layer.

Embodiments will now be described with reference to the
drawings. In the following description, like members are
labeled with like reference numerals. The description of the
members once described 1s omitted appropriately. Examples
shown 1n the figures are 1llustrative only, and can be combined
as long as technically feasible. Such combinations are also
encompassed within the scope of the embodiments.

First Embodiment

FIGS. 1A and 1B are schematic views of a semiconductor
device according to a first embodiment. FIG. 1A 1s a sche-
matic sectional view, and FIG. 1B 1s a schematic plan view.

FIG. 1A shows an A-A' cross section of FIG. 1B. The
semiconductor device according to this embodiment 1s a pin
(p-intrinsic-n) diode. The diode according to this embodi-
mentisused as e.g. a free wheeling diode 1n an 1nverter circuit
and the like. FIGS. 1A and 1B 1llustrate a minimum unit of the
semiconductor device 1A.

As shown i FIG. 1A, the semiconductor device 1A
includes a cathode electrode 10 (first electrode), an n™-type
cathode layer 20 (first semiconductor layer), an n™-type base
layer 21 (second semiconductor layer), a p~ -type anode
region 30 (first semiconductor region), ap~-type anode region
31 (second semiconductor region), a p™-type anode region 32
(third semiconductor region), and an anode electrode 40 (sec-
ond electrode). The n™-type cathode layer 20, the n™-type base
layer 21, the p-type anode region 30, the p~-type anode
region 31, and the p™-type anode region 32 are each provided
between the cathode electrode 10 and the anode electrode 40.

The n™-type cathode layer 20 is provided on the cathode
clectrode 10. The n™-type cathode layer 20 1s 1n ohmic contact
with the cathode electrode 10. The n™-type base layer 21 1s
provided on the n*-type cathode layer 20.

The p~-type anode region 30 1s provided on part of the
n~-type base layer 21. This part refers to e.g. the portion of the
n~-type base layer 21 1n the region 21A. The p™-type anode
region 31 1s provided on a portion different from the afore-
mentioned part of the n™-type base layer 21. This different
portion refers to e.g. the portion of the n™-type base layer 21
in the region 21B. The p™-type anode region 31 1s 1n contact
with the p~-type anode region 30. The p*-type anode region
32 i1s provided on at least part of the p~-type anode region 30.
For instance, in the first embodiment, the p™-type anode
region 32 1s provided on part of the p~-type anode region 30.
The cross-sectional shape of the p*-type anode region 32 i1s
¢.g. rectangular, circular or the like.

Thus, the p-type anode region of the semiconductor device
1A includes three regions, 1.e., low concentration p-type
semiconductor regions (p~-type anode regions 30, 31) and a
high concentration p-type semiconductor region (p™-type
anode region 32).

The anode electrode 40 1s provided on the p™-type anode
region 30, the p~-type anode region 31, and the p™-type anode
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4

region 32. The p~-type anode region 30 and the p™-type anode
region 31 bring the low concentration surface thereof into
contact with the anode electrode 40. Typically, the p~-type
anode region 30 and the p~-type anode region 31 are 1n Schot-
tky contact with the anode electrode 40. However, the p~-type
anode region 30 and the p~-type anode region 31 only need to
have low impurity concentration, and do not necessarily need
to be 1n Schottky contact with the anode electrode 40. The
p~-type anode region 32 is in ohmic contact with the anode
clectrode 40.

The concentration of the impurity element contained in the
n~-type base layer 21 1s lower than the concentration of the
impurity element contained in the n™-type cathode layer 20.
The concentration of the impurity element contained 1n the
n~-type base layer 21 may be made lower than the concentra-
tion of the impurity element contained in the n™-type cathode
layer 20 at the surface 1n contact with the cathode electrode 10
in the n™-type cathode layer 20. The concentration of the
impurity element contained in the p™-type anode region 32 is
higher than the concentration of the impurity element con-
tained in the p™-type anode region 30 and the concentration of
the impurity element contained 1n the p~-type anode region
31. For instance, the concentration of the impurity element
contained in the p*-type anode region 32 at the surface in
contact with the anode electrode 40 in the p™-type anode
region 32 1s higher than the concentration of the impurity
clement contained 1n the p~-type anode region 30 at the sur-
face 1n contact with the anode electrode 40 in the p~-type
anode region 30 and the concentration of the impurity ele-
ment contained 1n the p~-type anode region 31 at the surface
in contact with the anode electrode 40 1n the p~-type anode
region 31.

The embodiment also includes a configuration (not shown)
in which an n-type builer layer 1s provided between the
n~-type base layer 21 and the n™-type cathode layer 20. The
impurity concentration of the n-type builer layer 1s between
the concentration of the impurity element contained 1n the
n~-type base layer 21 and the concentration of the impurity
element contained in the n™-type cathode layer 20.

In the semiconductor device 1A, on the n™-type cathode
layer 20 side, a step difference 1s formed by the p~-type anode
region 30 and the p~-type anode region 31. For instance, the
thickness of the n™-type base layer 21 sandwiched between
the p~-type anode region 30 and the n™-type cathode layer 20

thickness 1n the region 21A) 1s thinner than the thickness of
the n-type base layer 21 sandwiched between the p~-type
anode region 31 and the n™-type cathode layer 20 (thickness
in the region 21B). Here, the “thickness” refers to the thick-
ness of then™-type base layer 21 1n the Z direction. That is, the
semiconductor device 1A includes, on the anode side, a high
concentration p-type semiconductor region (p*-type anode
region 32) and two low concentration p-type semiconductor
regions having different depths (p~-type anode region 30 and
p_-type anode region 31).

Such a step difference 1s thus provided 1n the low concen-
tration p-type semiconductor region. Accordingly, the
p_-type anode region 30, having a deeper depth, includes a
portion 1 which the junction between the p~-type anode
region 30 and the n™-type base layer 21 1s steeply curved. For
instance, the p~-type anode region 30 1includes a curved por-
tion 30c¢ in which the junction between the p~-type anode
region 30 and the n™-type base layer 21 1s steeply curved. At
least near directly above the curved portion 30c¢, the p™-type
anode region 32 is located. Here, “At least near directly
above” refers to the portion directly above the curved portion
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30c¢ or the portion above a position separated by a prescribed
distance 1n the X direction or Y direction from the curved
portion 30c.

As shown 1n FIG. 1B, 1n the semiconductor device 1A, the
p_-type anode region 30 and the p™-type anode region 32
extend 1n one direction (X direction in the figure) on the
n~-type base layer 21.

The n™-type cathode layer 20, the n™-type base layer 21, the
p_-type anode region 30, the p~-type anode region 31, and the
p~-type anode region 32 are each composed primarily ofe.g.
silicon (S1). As the impurity element of the conductivity type
such as n*-type, n”-type, and n-type (first conductivity type),
for instance, phosphorus (P), arsenic (As) or the like 1s used.

As the impurnty element of the conductivity type such as
p T -type, p~-type, and p-type (second conductivity type), for
instance, boron (B) or the like 1s used.

The surface impurity concentration of the n™-type cathode
layer 20 is higher than 3x10'” cm™, such as 1x10"” cm™ or
more. The impurity concentration of the n™-type cathode
layer 20 may be made higher toward the cathode electrode 10
side. The impurity concentration of the n™-type base layer 21
is 1x10"> cm™ or less, and can be set to an arbitrary impurity
concentration depending on the design of the device break-
down voltage. The surface impurity concentration of the
p -type anode region 30 and the p~-type anode region 31 1s
e.g. 3x10'" cm™ or less. The surface impurity concentration
of the p*-type anode region 32 is higher than 3x10"”" cm™,
such as 1x10"” cm™ or more. The impurity concentration of
these p-type layers may be made higher toward the anode
clectrode 40 side.

The aforementioned “1mpurity concentration” refers to the
cifective concentration of the impurity element contributing
to the conductivity of the semiconductor material. For
instance, in the case where the semiconductor material con-
tains an impurity element serving as donor and an impurity
clement serving as acceptor, the “impurity concentration”
refers to the concentration of activated impurities except the
amount of donor and acceptor canceling each other.

In this embodiment, unless otherwise specified, n™-type,

n-type, and n™-type in this order represent the concentration
ol the n- type impurity element in the decreasmg order. Fur-
thermore, p*-type, p-type, and p~-type 1n this order represent
the concentration of the p-type impurity element in the
decreasing order. For instance, unless otherwise specified, by
the statement that the impurity concentration of the n™-type
semiconductor region 1s higher than the impurity concentra-
tion of the n™-type semiconductor region, the embodiment
also encompasses the case where the impurity concentration
of the n™-type semiconductor region at the surface in contact
with the cathode electrode 10 in the n™-type semiconductor
region 1s higher than the impurity concentration of the n™-type
semiconductor region. Furthermore, by the statement that the
impurity concentration of the p™-type semiconductor region
1s higher than the impurity concentration of the p~-type semi-
conductor region, the embodiment also encompasses the case
where the impurity concentration of the p™-type semiconduc-
tor region at the surface in contact with the anode electrode 40
in the p™-type semiconductor region is higher than the impu-
rity concentration of the p~-type semiconductor region at the
surface 1n contact with the anode electrode 40 1n the p~-type
semiconductor region.

The material of the cathode electrode 10 and the material of
the anode electrode 40 are ¢.g. a metal containing at least one
selected from the group consisting of aluminum (Al), tita-
nium (11), nickel (N1), tungsten (W), gold (Au) and the like.

For example, the material of the anode electrode 40 arc e.g.
a metal containing at least one selected from the group con-
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6
sisting of platinum (Pt), titanium (11), nickel (N1), tungsten
(W), gold (Au) and the like when the p~-type anode region 30,
31 1s 1n Schottky contact with the anode electrode 40.

FIGS. 2A and 2B are schematic sectional views showing a
process for manufacturing the p~-type anode region of the
semiconductor device according to the first embodiment.
FIG. 2A 1s a schematic sectional view immediately after 1on
implantation. FIG. 2B 1s a schematic sectional view after heat
treatment.

First, as shown in FIG. 2A, 10n implantation 1s performed
on the surface of the n™-type base layer 21 exposed from a
mask 90 before forming the p~-type anode region 30. The
mask 90 extends 1n the X direction 1n the figure. The material
of the mask 90 includes e.g. resist or silicon oxide (S10,,).

For instance, an impurity element such as boron (B) 1s
implanted into the surface of the n -type base layer 21
exposed from the mask 90. Thus, on the n™-type base layer 21,
a p-type 1on implantation layer 307 having a thinner thickness
than the p~-type anode region 30 1s formed.

Next, as shown 1in FIG. 2B, heat treatment 1s performed on
the 10on implantation layer 307 and the n™-type base layer 21 to
activate the p-type impurity element. By this heat treatment,
the impurity element in the ion implantation layer 30: 1s
diffused from the ion implantation layer 30; to the n™-type
cathode layer 20 side (direction A in the figure), and from the
ion implantation layer 307 1n the lateral direction (direction B
in the figure). The p~-type anode region 30 formed by the
diffusion of the p-type impurity element contains the p-type
impurity element such that the concentration thereof exceeds
the concentration of n-type impurity contained 1n the n™-type
base layer 21.

Here, the impunity element diffused in the direction A 1s
diffused one-dimensionally from the 1on implantation layer
30i to the n™-type cathode layer 20 side. On the other hand, the
1mpur1ty clement diffused in the direction B 1s diffused from
the 10n 1mplantation layer 30: 1n the lateral direction. Thus,
the impurity element diffused 1n the direction B 1s diffused in
the direction parallel to the interface between the n™-type
cathode layer 20 and the n™-type base layer 21. That 1s, the
impurity element diffused from the 1on 1implantation layer 30:
in the lateral direction 1s diffused two-dimensionally. Thus,
the diffusion rate of the impurity element diffused in the
direction B 1s slower than the diffusion rate of the impurity
clement diffused in the direction A. This slowdown 1s made
more significant toward the surface of the n™-type base layer
21.

Thus, after activation, the junction between the p~-type
anode region 30 and the n™-type base layer 21 includes a
bottom portion 307 opposed to the n*-type cathode layer 20,
and a side portion 307 extending from both ends of the bottom
portion 30f to the surface of the n™-type base layer 21. The
junction between the p~-type anode region 30 and the n™-type
base layer 21 includes a curved portion 30c at which the
bottom portion 30f and the side portion 307 intersect.

The operation of the semiconductor device 1A 1s now
described.

FIG. 3 1s a schematic sectional view showing the operation
ol the on-state of the semiconductor device according to the
first embodiment.

FIG. 3 shows a plurality of minimum units collected 1n the
Y direction. In the semiconductor device 1A, a plurality of
p_-type anode regions 30 are separated from each other on the
n~-type base layer 21.

First, the electron current flowing from the cathode side to
the anode side 1s described.

In the on-state, a forward bias voltage 1s applied between
the cathode and the anode. That 1s, a voltage 1s applied
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between the cathode and the anode so that the potential of the
anode electrode 40 1s made higher than the potential of the
cathode electrode 10. For instance, a voltage 1s applied
between the cathode and the anode so that the anode electrode
40 1s made positive and the cathode electrode 10 1s made
negative.

Here, the n™-type cathode layer 20 1s in ohmic contact with
the cathode electrode 10. Thus, electrons (e¢) move from the
n*-type cathode layer 20 through the n™-type base layer 21 to
the p~-type anode region 30, 31.

The p~-type anode region 30, 31 is 1n resistive contact or
Schottky contact with the anode electrode 40. This 1s a resis-
tive contact or Schottky contact made of p-type semiconduc-
tor and metal. Thus, the interface between the p~-type anode
region 30, 31 and the anode electrode 40 does not constitute
an energy barrier for electrons.

Accordingly, electrons flow from the n™-type cathode layer
20 through the n™-type base layer 21 and the p™-type anode
region 30, 31 into the anode electrode 40. Thus, an electron
current 16 1s formed between the cathode and the anode.

Next, the hole current flowing from the anode side to the
cathode side 1s described.

FI1G. 4 1s a schematic sectional view showing the operation
of the on-state of the semiconductor device according to the
first embodiment.

FI1G. 4 shows a mimimum unit of the semiconductor device
1A.

As described above, the interface between the p~-type
anode region 30, 31 and the anode electrode 40 does not
constitute an energy barrier for electrons. However, the inter-
face between the p™-type anode region 32 and the p~-type
anode region 30 constitutes an energy barrier for electrons.
Thus, the electrons having flowed to the p™-type anode region
30 do not easily tlow into the p*-type anode region 32.

Accordingly, electrons tlow from the cathode side toward
the anode side and reach near the p*-type anode region 32.
Then, below the p*-type anode region 32, the electrons
migrate in the lateral direction, 1.e., 1n the direction generally
parallel to the upper surface 40« of the anode electrode 40.

By this migration of electrons near the p~-type anode
region 30, the portion 30q located below the p™-type anode
region 32 is biased to be negative with respect to the p™-type
anode region 32 in contact with the anode electrode 40, 1.e.,
with respect to the anode electrode 40.

By the bias formed between the portion 30a and the anode
clectrode 40, the energy barrier against holes between the
p_-type anode region 30 and the p*-type anode region 32 is
lowered below the p*-type anode region 32. Thus, holes are
injected from the p™-type anode region 32 into the p~-type

anode region 30. The 1njected holes form a hole current 15.

The hole current 15 increases with the increase of the width
in the Y direction of the p™-type anode region 32, or the
contact area between the p™-type anode region 32 and the
anode electrode 40. In other words, the amount of holes
injected from the anode side 1s adjusted by that width or that
contact area.

Furthermore, in the on-state, a forward bias 1s applied
between the p~-type anode region 30, 31 and the n™-type base
layer 21. Hence, naturally, holes and electrons tlow through
the p-n junction.

Thus, 1n the on-state, holes flow from the anode side to the
cathode side, and electrons flow from the cathode side to the
anode side. Here, on the anode side, holes are injected from
the p™-type anode region 32. In contrast, the p~-type anode
region 30, 31 contributes only to ejection of electrons. Thus,
compared with the semiconductor device without the p™-type
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anode region 30, 31, the amount of injected holes 1s sup-
pressed. This accelerates the switching speed of the semicon-
ductor device 1A.

FIG. 5 1s a schematic sectional view showing the operation
ol the turn-oif state of the semiconductor device according to
the first embodiment.

FIG. 5 shows the state at turn-oif time when the forward
bias applied between the anode and the cathode 1s switched to
a reverse bias. For instance, a voltage 1s applied between the
cathode and the anode so that the anode electrode 40 1s made
negative and the cathode electrode 10 1s made positive.

The forward bias applied between the anode and the cath-
ode 1s switched to a reverse bias applied between the anode
and the cathode. Then, holes existing 1n the n™-type base layer
21 move to the anode electrode 40 side. Electrons existing 1n
the n™-type base layer 21 move to the cathode electrode 10
side.

At the time of reverse bias application, electrons flow
through the n™-type cathode layer 20 into the cathode elec-
trode 10. On the other hand, at the time of reverse bias appli-
cation, holes flow through the p™-type anode region 32 into
the anode electrode 40.

At turn-oft time, electrons flow to the cathode electrode 10,
and holes tflow to the anode electrode 40. In this state, starting
from the junction between the p~-type anode region 30, 31
and the n™-type base layer 21, a depletion layer spreads to the
n~-type base layer 21 and the p~-type anode region 30, 31.
The conduction between the anode electrode 40 and the cath-
ode electrode 10 1s gradually cut off in the semiconductor
device 1A.

However, 1n a pin diode, electric field concentration typi-
cally occurs at some position of the p-n junction at turn-off
time, and may cause avalanche.

FIG. 6 1s a schematic sectional view showing the operation
ol the turn-off state of the semiconductor device according to
the first embodiment.

For instance, 1n the semiconductor device 1A, the p-type
anode region includes three regions, 1.e., the p~-type anode
region 30, the p~™-type anode region 31, and the p™-type anode
region 32. Furthermore, the p~-type anode region 30 includes
a curved portion 30c 1n which the p-n junction 1s steeply
curved. Due to the pointed shape of this curved portion 30c,
clectric field 1s made likely to concentrate on the curved
portion 30¢ at turn-off time. Thus, avalanche 1s made likely to
occur near the curved portion 30c¢. The flow of holes gener-
ated by avalanche is referred to avalanche current.

The p™-type anode region 32 1s located at least near directly
above the curved portion 30c. Thus, holes generated by ava-
lanche are ejected through the p™-type anode region 32 to the
anode electrode 40.

The semiconductor device 1A includes a plurality of
curved portions 30c (FIG. §). In the semiconductor device
1A, avalanche 1s made likely to occur 1n each of the plurality
of curved portions 30c. Thus, avalanche occurs at dispersed
positions. Accordingly, the avalanche current 1s also dis-
persed over the plurality of curved portions 30c. The ava-
lanche current is ejected through the plurality of p™-type
anode regions 32 to the anode electrode 40. Therefore, the
breakdown withstand capability of the semiconductor device
1A comes to increase at turn-oil time.

Furthermore, 1n the semiconductor device 1A, the ava-
lanche current 1s ejected preferentially through the p™-type
anode region 32 to the anode electrode 40. Thus, the 1njection
of holes from the anode side in the on-state can also be further
suppressed by further decreasing the impurity concentration
of the p~-type anode region 30, 31.
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As described above, 1n the semiconductor device 1A
according to the first embodiment, the acceleration of switch-
ing speed 1s compatible with the increase of breakdown with-

stand capability at turn-oif time. This expands the safe oper-
ating area at turn-oil time.

Reference Example

FI1G. 7 1s a schematic sectional view showing the operation
of the turn-off state of a semiconductor device according to a
reference example.

In the semiconductor device 100 according to the reference
example, on the anode side, a p~-type anode region 31 and a
p*-type anode region 32 are provided. However, in the semi-
conductor device 100, the aforementioned p~-type anode
region 30 1s not provided. Thus, the boundary between the
p -type anode region 31 and the n™-type base layer 21 1s
nearly flat.

Also 1n the semiconductor device 100, on the anode side,
the p~-type anode region 31 1s provided 1n addition to the
pT-type anode region 32. This suppresses the amount of holes
injected from the anode side. However, at turn-oif time, elec-
tric field concentration may occur at some position of the p-n
junction. Avalanche may occur at the position subjected to
electric field concentration.

For instance, FI1G. 7 1llustrates a state in which avalanche
has occurred at a position 31p between the adjacent p™-type
anode regions 32. Once avalanche 1s caused at such a position
31p, avalanche continues preferentially at the position 31p.
Thus, a large amount of avalanche current 1s generated from
the position 31p.

In the semiconductor device 100, the aforementioned
pT-type anode region 32 1s not provided above the position
31p. Furthermore, the p™-type anode region 31 has low con-
centration. Thus, the p~-type anode region 31 1s 1n high resis-
tance contact or Schottky contact with the anode electrode 40.
Accordingly, 1n the semiconductor device 100, the avalanche
current 1s ¢jected less easily to the anode electrode 40 than 1n
the semiconductor device 1A.

Because of the high resistance contact or Schottky contact
between the p~-type anode region 31 and the anode electrode
40, the avalanche current generated at the position 31p does
not flow directly to the anode electrode 40. That 1s, the ava-
lanche current flows through a surface position 31/ of the
p_-type anode region 31 into the p™-type anode region 32, and
further flows to the anode electrode 40. At this time, 1n the
semiconductor device 100, a bias 1s applied to the high resis-
tance contact or Schottky contact between the surface posi-
tion 31f of the p~-type anode region 31 and the anode elec-
trode 40. This causes a problem of degradation 1n breakdown
withstand capability.

Thus, 1n the semiconductor device 100, the breakdown
withstand capability at turn-oif time 1s not made so high as in
the semiconductor device 1A.

Furthermore, 1n the semiconductor device 100, excessively
decreasing the impurity concentration of the p~-type anode
region 31 to decrease hole injection from the anode side
causes withstand capability degradation at turn-off time.
Thus, the decrease of the concentration of the p~-type anode
region 31 1s also limited. This 1s because current concentra-
tion 1s made likely to occur only 1n part of the p~-type anode
region 31 at turn-oif time.

(Vanations of the First Embodiment)

FIGS. 8A to 8C are schematic sectional views of semicon-
ductor devices according to variations of the first embodi-
ment. FIG. 8A 1s a schematic sectional view of a semicon-
ductor device according to a first variation. FIG. 8B 1s a
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schematic sectional view of a semiconductor device accord-
ing to a second variation. FIG. 8C 1s a schematic sectional

view ol a semiconductor device according to a third variation.

In the semiconductor device 1B shown in FIG. 8A, the
pT-type anode region 32 1s provided on part of the p~-type
anode region 30, and further provided on part of the p~-type
anode region 31. That 1s, the p™-type anode region 32 is
provided astride the p™-type anode region 30 and the p™-type
anode region 31.

In such a structure, the upper side of the curved portion 30c¢
is covered with the p™-type anode region 32 having a larger
contact area. Thus, the avalanche current 1s e¢jected more
cificiently to the anode electrode 40 side.

In the semiconductor device 1C shown i1n FIG. 8B, the
p~-type anode region 32 is provided entirely on the p~-type
anode region 30, and further provided on part of the p~-type
anode region 31.

In such a structure, the upper side of the curved portion 30c¢
1s covered with the p™-type anode region 32 having an even
larger contact area. Thus, the avalanche current i1s ejected
more eificiently to the anode electrode 40 side.

As seen from the embodiment 1llustrated 1n FIGS. 8A and
8B, the p™-type anode region 32 is provided on at least part of
the p~-type anode region 30.

Furthermore, a plurality of p™-type anode regions 32 may
be provided 1n the minimum unat.

For instance, 1n the semiconductor device 1D shown 1n
FIG. 8C, a p™-type anode region 33 (fourth semiconductor
region) having a concentration comparable to that of the
p~-type anode region 32 is provided on part of the p~-type
anode region 31. The p*-type anode region 33 1s 1n ohmic
contact with the anode electrode 40. For instance, the con-
centration of the impurity element contained 1n the p™-type
anode region 33 at the surface in contact with the anode
electrode 40 in the p™-type anode region 33 is higher than the
concentration of the impunity element contaimned in the
p -type anode region 30 at the surface 1n contact with the
anode electrode 40 1n the p~-type anode region 30 and the
concentration of the impunity element contaimned in the
p_-type anode region 31 at the surface in contact with the
anode electrode 40 1n the p~-type anode region 31.

In such a structure, by a plurality of p™-type anode regions,
the avalanche current 1s ejected more efficiently to the anode
clectrode 40 side.

Second Embodiment

FIGS. 9A and 9B are schematic views of a semiconductor
device according to a second embodiment. FIG. 9A 1s a
schematic sectional view, and FIG. 9B 1s a schematic plan
VIEW.

FIG. 9A shows an A-A' cross section of FIG. 9B. FIGS. 9A
and 9B 1llustrate a minimum unit of the semiconductor device
2A.

As shown in FIG. 9A, the semiconductor device 2A
includes a cathode electrode 10, an n™-type cathode layer 20,
an n_-type base layer 21, a p™-type anode region 30, an 1nsu-
lating layer 50, a p™-type anode region 32, and an anode
clectrode 40. The cathode electrode 10, the n™-type cathode
layer 20, the n™-type base layer 21, the p~-type anode region
30, the msulating layer 50, and the p™-type anode region 32
are provided between the cathode electrode 10 and the anode
clectrode 40.

The n™-type cathode layer 20 1s provided on the cathode
clectrode 10. The n™-type base layer 21 1s provided on the
n*-type cathode layer 20. The impurity concentration of the
n~-type base layer 21 1s lower than the impurity concentration
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of the n™-type cathode layer 20. The p~-type anode region 30
1s provided on part of the n™-type base layer 21. This part
refers to e.g. the portion of the n™-type base layer 21 in the
region 21C. The msulating layer 50 1s provided on a portion
different from the aforementioned part of the n™-type base
layer 21. This diflerent portion refers to the portion not pro-
vided with the p~-type anode region 30. This different portion
refers to e.g. the portion of the n™-type base layer 21 1n the
region 21D. The insulating layer 50 i1s in contact with the
p_-type anode region 30.

The p™-type anode region 32 1s provided on part of the
p -type anode region 30. The anode electrode 40 1s provided
on at least one of the p™-type anode region 30 and the p™-type
anode region 32. In FIG. 9A, by way of example, the anode
clectrode 40 1s provided on the p~-type anode region 30, the
insulating layer 50, and the p*-type anode region 32. The
p_-type anode region 30 brings the low concentration surface
thereol 1nto contact with the anode electrode 40. Typically,
the p~-type anode region 30 1s 1n Schottky contact with the
anode electrode 40. However, the p~-type anode region 30
only needs to have low impurity concentration. The p™-type
anode region 30 does not necessarily need to be 1n Schottky
contact with the anode electrode 40. The p™-type anode region
32 1s 1n ohmic contact with the anode electrode 40.

The thickness of the n™-type base layer 21 sandwiched
between the p~-type anode region 30 and the n™-type cathode
layer 20 (thickness 1n the region 21C) 1s thinner than the
thickness of the n™-type base layer 21 in the portion not
provided with the p~-type anode region 30 (thickness in the
region 21D). In other words, the thickness of the n™-type base
layer 21 sandwiched between the p~-type anoderegion 30 and
the n*-type cathode layer 20 1s thinner than the thickness of
the n™-type base layer 21 sandwiched between the insulating
layer 50 and the n*-type cathode layer 20. This produces a
step difference between the p™-type anode region 30 and the
insulating layer 50. Thus, the p~-type anode region 30
includes a curved portion 30¢ 1n which the junction between
the p~-type anode region 30 and the n™-type base layer 21 1s
steeply curved.

As shown 1n FIG. 9B, 1n the semiconductor device 2A, the
p_-type anode region 30, the p™-type anode region 32, and the
insulating layer 50 extend 1n one direction (X direction 1n the
figure) on the n™-type base layer 21. The material of the
isulating layer 50 includes e.g. resist or silicon oxide (S10,).

The operation of the semiconductor device 2A 1s now

described.

In the on-state, a forward bias 1s applied between the anode
and the cathode. Thus, holes flow from the anode side to the
cathode side, and electrons flow from the cathode side to the
anode side. Furthermore, on the anode side, the p™-type anode
region 30 1s provided 1n addition to the p™-type anode region
32. This suppresses the amount of 1njected holes.

In the turn-oif state, a reverse bias 1s applied between the
anode and the cathode. Thus, holes existing in the n™-type
base layer 21 move to the anode electrode 40 side. Electrons
existing 1n the n™-type base layer 21 move to the cathode
electrode 10 side. Then, electrons flow through the n™-type
cathode layer 20 into the cathode electrode 10. On the other
hand, at the time of reverse bias application, holes flow
through the p™-type anode region 32 into the anode electrode
40.

At turn-off time, electrons flow to the cathode electrode 10,
and holes flow to the anode electrode 40. In this state, starting
from the junction between the p~-type anode region 30 and
the n™-type base layer 21, a depletion layer spreads to the
n~-type base layer 21 and the p~-type anode region 30. The
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conduction between the anode electrode 40 and the cathode
clectrode 10 1s cut off gradually 1n the semiconductor device
2A.

Furthermore, at turn-off time, electric field 1s made likely
to concentrate on the curved portion 30c. Thus, avalanche 1s
made likely to occur near the curved portion 30c. The p™-type
anode region 32 1s located near the curved portion 30c¢. Thus,
holes generated by avalanche are ejected through the p™-type
anode region 32 to the anode electrode 40.

The semiconductor device 2A 1illustrated 1n FIGS. 9A and
9B 1s a minimum umt, and includes a plurality of curved
portions 30c. In the semiconductor device 2A, avalanche 1s
made likely to occur 1n each of the plurality of curved portions
30c. Thus, avalanche occurs at dispersed positions. Further-
more, the avalanche current 1s ejected through the plurality of
pT-type anode regions 32 to the anode electrode 40. This
increases the breakdown withstand capability of the semicon-
ductor device at turn-oil time.

Furthermore, 1n the semiconductor device 2A, the p~-type
anode region 30 is provided in addition to the p™-type anode
region 32. This suppresses the amount of holes mjected from
the anode side 1n the on-state. Accordmgly,, compared with
the diode in which only the p™-type anode region 32 1s brought
into contact with the anode electrode 40, the carrier concen-
tration on the anode electrode 40 side in the conducting state
1s suppressed. Thus, in the semiconductor device 2A, the
switching speed 1s accelerated.

Furthermore, 1n the semiconductor device 2A, the ava-
lanche current is ejected preferentially through the p™-type
anode region 32 to the anode electrode 40. Thus, the 1njection
of holes from the anode side can also be turther suppressed by
further decreasing the impurity concentration of the p-type
anode region 30.

Furthermore, 1n the semiconductor device 2A, the insulat-
ing layer 50 1s interposed between the anode electrode 40 and
the n™-type base layer 21. This realizes a prescribed break-
down voltage without contact between the anode electrode 40
and the n™-type base layer 21.

As described above, in the semiconductor device 2A
according to the second embodiment, the acceleration of
switching speed 1s compatible Wlth the increase of breakdown
withstand capability at turn-oif time.

(Vanations of the Second Embodiment)

FIGS. 10A to 10C are schematic sectional views of semi-
conductor devices according to vanations ol the second
embodiment. FIG. 10A 1s a schematic sectional view of a
semiconductor device according to a first vanation. FI1G. 10B
1s a schematic sectional view of a semiconductor device
according to a second variation. FIG. 10C 1s a schematic
sectional view of a semiconductor device according to a third
variation.

In the semiconductor device 2B shown 1n FIG. 10A, the
p~-type anode region 32 is provided on part of the p~-type
anode region 30. The p™-type anode region 32 1s provided
above the curved portion 30c¢ of the p~-type anode region 30.
That 1s, the curved portion 30c¢ 1s covered with the p™-type
anode region 32. Thus, the avalanche current 1s ejected more
cificiently to the anode electrode 40 side.

In the semiconductor device 2C shown in FIG. 10B, a
p~-type anode region 34 is provided on a portion different
from the aforementioned part of the p~-type anode region 30.
The p™-type anode region 34 is in ohmic contact with the
anode electrode 40. For instance, the concentration of the
impurity element contained in the p™-type anode region 34 at
the surface 1n contact with the anode electrode 40 1in the
pT-type anode region 34 1s higher than the concentration of
the impurity element contained in the p~-type anode region 30
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at the surface 1in contact with the anode electrode 40 1n the
p_-type anode region 30. That 1s, 1n the semiconductor device

2C, a plurality of p™-type anode regions are provided on the
p_-type anode region 30.

In such a structure, by a plurality of p™-type anode regions,
the avalanche current 1s ejected more efficiently to the anode
clectrode 40 side.

In the semiconductor device 2D shown in FIG. 10C, the
p -type anode region 32 is provided astride the divided
p_-type anode regions 30. The p™-type anode region 32 1s
provided on part of the p~-type anode region 30. In addition,
the p™-type anode region 32 1s provided on the n™-type base
layer 21 1n the portion not provided with the p~-type anode
region 30. Furthermore, 1n the semiconductor device 2D, the
alorementioned insulating layer 30 i1s not provided. The
p~-type anode region 32 is in ohmic contact with the anode
clectrode 40. This structure realizes a prescribed breakdown
voltage without requiring the insulating layer 50 between the
anode electrode 40 and the n™-type base layer 21.

In such a structure, acceleration 1s easily realized without
decreasing the prescribed breakdown voltage. Thus, the ava-

lanche current 1s ¢jected more etficiently to the anode elec-
trode 40 side.

Third Embodiment

FIGS. 11A and 11B are schematic views of a semiconduc-
tor device according to a third embodiment. FIG. 11A 1s a
schematic sectional view, and FIG. 11B 1s a schematic plan
VIEW.

FIG. 11A shows an A-A' cross section of FIG. 11B.

As shown 1n FIG. 11A, the semiconductor device 3A
includes a cathode electrode 10, an n™-type cathode layer 20,
an n-type buller layer 22, an n™-type base layer 21, a p™-type
anode region 31, a p”-type anode region 35, and an anode
electrode 40. The n™-type cathode layer 20, the n-type buffer
layer 22, the n™-type base layer 21, the p™-type anode region
31, and the p™-type anode region 35 are provided between the
cathode electrode 10 and the anode electrode 40.

The n*-type cathode layer 20 1s provided on the cathode
clectrode 10. The n-type butfer layer 22 1s provided on the
n*-type cathode layer 20. The n™-type base layer 21 1s pro-
vided on the n-type builer layer 22. The concentration of the
impurity element contained in the n-type buffer layer 22 1s
lower than the concentration of the impurity element con-
tained in the n™-type cathode layer 20. The concentration of
the impurity element contained 1n the n™-type base layer 21 1s
lower than the concentration of the impurity element con-
tained 1n the n-type buflfer layer 22.

The p~-type anode region 31 1s provided on part of the
n~-type base layer 21. The part refers to e.g. the portion of the
n~-type base layer 21 1n the region 21E. The p™-type anode
region 35 1s provided on a portion different from the afore-
mentioned part of the n™-type base layer 21. The different
portion refers to e.g. the portion of the n™-type base layer 21
in the region 21F.

The p™-type anode region 35 is in contact with the p~-type
anode region 31. A plurality of p™-type anode regions 35 are
separated from each other on the n™-type base layer 21. In
other words, the p~-type anode region 31 1s sandwiched
between a pair of p*-type anode regions 35. The concentra-
tion of the impurity element contained in the p™-type anode
region 35 1s higher than the concentration of the impurity
clement contained 1n the p~-type anode region 31. The impu-
rity concentration of the p™-type anode region 35 is set com-
parable to e.g. the impurity concentration of the aforemen-
tioned p*-type anode region 32. Specifically, the
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concentration of the impurity element contained in the
pT-type anode region 35 at the surface in contact with the
anode electrode 40 1n the p*-type anode region 35 1s higher
than the concentration of the impurity element contained in
the p~-type anode region 31 at the surface 1n contact with the
anode electrode 40 1n the p~-type anode region 31.

The anode electrode 40 is provided on the p™-type anode
region 35 and the p~-type anode region 31. The p™-type anode
region 33 1s in ohmic contact with the anode electrode 40.

The cross-sectional shape of the p™-type anode region 35
may be a striped structure in which the length 1n the Z direc-
tion 1s longer than that 1n the Y direction. Alternatively, the
cross-sectional shape may be circular. The thickness of the
n~-type base layer 21 sandwiched between the p™-type anode
region 35 and the n™-type cathode layer 20 is thinner than the
thickness of the n™-type base layer 21 sandwiched between
the p~-type anode region 31 and the n™-type cathode layer 20.

The width Wp™ of the p*-type anode region 35 in the Y
direction (first direction) in which the p™-type anode region
35 and the p™-type anode region 31 are arranged 1s narrower
than the width Wp~ of the p~-type anode region 31 in the Y
direction. The width Wp™ of the p*-type anode region 33 1s
¢.g. 1-10 um. The width Wp~ of the p~-type anode region 31
is e.g. 5-100 um. The p™-type anode region 35 includes a
curved portion 35¢ 1n which the junction between the p™-type
anode region 35 and the n™-type base layer 21 1s steeply
curved. In the semiconductor device 3A, the curved portion
35c¢ constitutes a corner.

In the semiconductor device 3A, on the n™-type cathode
layer 20 side, a step difference 1s formed by the p™-type anode
region 35 and the p~-type anode region 31. By the provision
of such a step difference, the p™-type anode region 35 having
a deeper depth 1ncludes a curved portion 33c¢.

As shown 1n FIG. 11B, 1n the semiconductor device 3A
having a striped structure, the p™-type anode region 35
extends 1n one direction (X direction in the figure) on the
n~-type base layer 21.

A process for manufacturing the semiconductor device 3A
1s now described.

FIGS. 12A to 12C are schematic sectional views showing,
the process for manufacturing the semiconductor device
according to the third embodiment.

First, as shown in FI1G. 12A, a semiconductor stacked body
60 including an n™-type cathode layer 20, an n-type buffer
layer 22, ann™ -type base layer 21, and a p™-type anode region
31 1s prepared. Subsequently, on the p~-type anode region 31,
a mask 91 1s patterned. The maternal of the mask 91 includes
e.g. resist or silicon oxide (S10.,).

Next, as shown 1n FIG. 12B, RIE (reactive 1ion etching)
processing 1s performed on the semiconductor stacked body
60 exposed from the mask 91. By RIE processing, a trench 80
penetrating through the p~-type anode region 31 and digging
part of the n™-type base layer 21 1s formed. RIE processing 1s
cifective in forming a trench 80 with high aspect ratio. The
width Wt of the trench 80 1s adjusted to be narrower than the
width Wp~ of the p -type anode region 31 sandwiched
between the trenches 80. The bottom surface 806 of the trench
80 15 located below the boundary between the n™-type base
layer 21 and the p~-type anode region 31.

Next, as shown 1 FIG. 12C, a p™-type anode region 35 is
formed in the trench 80. The formation of the p™-type anode
region 35 1s performed by e.g. CVD (chemical vapor deposi-
tion), epitaxial growth technique and the like. After the
p~-type anode region 35 1s formed, an anode electrode 40 and
a cathode electrode 10 are formed. By such a manufacturing
process, the semiconductor device 3A 1s formed.
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The operation of the semiconductor device 3A 1s now
described.

In the on-state, a forward bias 1s applied between the anode
and the cathode. Thus, holes flow from the anode side to the
cathode side, and electrons flow from the cathode side to the
anode side.

Here, on the anode side, the width Wp™ of the p™-type
anode region 35 1s narrower than the width Wp™ of the p™-type
anode region 31. This suppresses the amount of holes injected
from the anode side.

In the turn-oif state, a reverse bias 1s applied between the
anode and the cathode. Thus, holes existing in the n™-type
base layer 21 move to the anode electrode 40 side. Electrons
existing in the n™-type base layer 21 move to the cathode
clectrode 10 side. Then, electrons tlow through the n-type
buffer layer 22 and the n™-type cathode layer 20 into the
cathode electrode 10. On the other hand, at the time of reverse
bias application, holes flow through the p™-type anode region
35 into the anode electrode 40.

At turn-off time, electrons flow to the cathode electrode 10,
and holes flow to the anode electrode 40. In this state, starting
from the junction of the p~-type anode region 31 and the
p~-type anode region 35 with the n™-type base layer 21, a
depletion layer spreads to the n™-type base layer 21 and the
p_-type anode region 31 and the p™-type anode region 35. The
conduction between the anode electrode 40 and the cathode
clectrode 10 1s cut off gradually 1n the semiconductor device
3A.

Furthermore, at turn-off time, electric field 1s made likely
to concentrate on the curved portion 35¢. Thus, avalanche 1s
made likely to occur near the curved portion 35¢. In the
semiconductor device 3A, holes generated by avalanche are
ejected through the p™-type anode region 35 to the anode
clectrode 40. That 1s, the p*-type anode region 335 has the
function of causing avalanche, and also functions as a path for
ejecting the avalanche current to the anode electrode 40.

The semiconductor device 3A includes a plurality of
curved portions 35¢. In the semiconductor device 3A, ava-
lanche 1s made likely to occur 1in each of the plurality of
curved portions 35¢. Thus, avalanche occurs at dispersed
positions. The avalanche current 1s ejected through the plu-
rality of p™-type anode regions 35 to the anode electrode 40.
This increases the breakdown withstand capability of the
semiconductor device at turn-oil time.

Furthermore, 1n the semiconductor device 3A, the width
Wp™ ol the p™-type anode region 35 1s adjusted to be narrower
than the width Wp~ of the p™-type anode region 31. Thus,
compared with the semiconductor device in which the width
Wp™ of the p™-type anode region 35 is adjusted to be wider
than or equal to the width Wp~ of the p~-type anode region 31,
the amount of holes imjected from the anode side 1s sup-
pressed. Thus, 1n the semiconductor device 3 A, the switching,
speed 1s accelerated.

Furthermore, 1in the semiconductor device 3A, the ava-
lanche current 1s ejected preferentially through the p™-type
anode region 35 to the anode electrode 40. Thus, the injection
ol holes from the anode side 1n the on-state can also be further
suppressed by further decreasing the impurity concentration
of the p~-type anode region 31.

Furthermore, the p*-type anode region 33 of the semicon-
ductor device 3A 1s not formed by 10n 1implantation technique
and thermal diffusion techmique. Instead, after forming a
trench 80, the p™-type anode region 35 1s formed by film
formation (CVD, epitaxial growth technique and the like)

into the trench 80. Thus, a semiconductor device ensuring
width Wp*<width Wp~ 1s formed.
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As described above, in the semiconductor device 3A
according to the third embodiment, the acceleration of
switching speed 1s compatible with the increase of breakdown
withstand capability at turn-oif time.

(First Variation of the Third Embodiment)

FIG. 13 1s a schematic sectional view of a semiconductor
device according to a first variation of the third embodiment.

FIG. 13 shows a mimimum unmit of the semiconductor
device 3B according to the first variation of the third embodi-
ment.

As shown 1n FIG. 13, the semiconductor device 3B
includes a cathode electrode 10, an n™-type cathode layer 20,
an n-type bulifer layer 22, an n™-type base layer 21, a p™ -type
anode region 31, a p~-type anode region 36, a p™-type anode
region 37, and an anode electrode 40. The n™-type cathode
layer 20, the n-type butler layer 22, the n™-type base layer 21,
the p~-type anode region 31, the p~-type anode region 36, and
the p™-type anode region 37 are provided between the cathode
clectrode 10 and the anode electrode 40.

The concentration of the impurity element contained in the
p_-type anode region 36 1s as low as the concentration of the
impurity element contained in the p~-type anode region 31.
For instance, the concentration of the impurity element con-
tained 1n the p~-type anode region 36 at the surface 1n contact
with the anode electrode 40 1n the p~-type anode region 36 1s
comparable to the concentration of the impurity element con-
tained 1n the p~-type anode region 31 at the surface 1n contact
with the anode electrode 40 in the p~-type anode region 31.
The concentration of the impurity element contained 1in the
p*-type anode region 37 1s comparable to the concentration of
the impurity element contained in the aforementioned
p~-type anode region 35.

For instance, the concentration of the impurity element
contained in the p*-type anode region 37 at the surface in
contact with the anode electrode 40 in the p™-type anode
region 37 1s higher than the concentration of the impurity
clement contained 1n the p~-type anode region 36 at the sur-
face 1n contact with the anode electrode 40 in the p-type
anode region 36 and the concentration of the impurity ele-
ment contained 1n the p~-type anode region 31 at the surface
in contact with the anode electrode 40 1n the p~-type anode
region 31.

The p™-type anode region 37 is in ohmic contact with the
anode electrode 40. The p~-type anode region 36 1s typically
in Schottky contact with the anode electrode 40. However, the
p -type anode region 36 only needs to have low impurity
concentration. The p™-type anode region 36 does not neces-
sarily need to be in Schottky contact with the anode electrode
40.

The p~-type anode region 31 is provided on part of the
n~-type base layer 21. The p~-type anode region 36 1s pro-
vided on a portion different from the atorementioned part of
the n™-type base layer 21. The p™-type anode region 37 is
provided on part of the p~-type anode region 36. The concen-
tration of the impurity element contained in the p™-type anode
region 37 1s higher than the concentration of the impurity
clement contained 1n the p~-type anode region 31, 36.

In the cross-sectional shape of the p™-type anode region 36,
the length 1n the Z direction 1s longer than that 1n the Y
direction. The thickness of the n™-type base layer 21 sand-
wiched between the p~-type anode region 36 and the n*-type
cathode layer 20 1s thinner than the thickness of the n™-type
base layer 21 sandwiched between the p~-type anode region
31 and the n"-type cathode layer 20. The p~-type anode region
36 includes a curved portion 36¢ 1n which the junction
between the p~-type anode region 36 and the n™-type base
layer 21 1s steeply curved.
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In the semiconductor device 3B, on the n™-type cathode
layer 20 side, a step difference 1s formed by the p~-type anode
region 36 and the p™-type anode region 31. By the provision
of such a step ditfference, the p~-type anode region 36 having
a deeper depth includes a curved portion 36c¢.

A process for manufacturing the semiconductor device 3B
1s now described.

FIGS. 14A and 14B are schematic sectional views showing
the process for manufacturing the semiconductor device
according to the first variation of the third embodiment.

First, a semiconductor stacked body 60 with the atoremen-
tioned trench 80 formed therein 1s prepared (see FIG. 12B).

Next, as shown 1n FIG. 14A, a p~-type anode region 36 1s
formed 1n the trench 80. The formation of the p~-type anode
region 36 1s performed by e.g. CVD (chemical vapor deposi-
tion), epitaxial growth technique and the like. In the forma-
tion of the p~-type anode region 36, the trench 80 1s not
completely filled with the p~-type anode region 36. That 1s,
the p~-type anode region 36 1s formed so that a trench 81 1s left
inside the p~-type anode region 36.

Next, as shown 1n FIG. 14B, a p™-type anode region 37 1s
formed in the trench 81. The formation of the p™-type anode
region 37 1s performed by e.g. CVD (chemical vapor deposi-
tion), epitaxial growth technique and the like. After the
p~-type anode region 37 1s formed, an anode electrode 40 and
a cathode electrode 10 are formed. By such a manufacturing
process, the semiconductor device 3B 1s formed.

The operation of the semiconductor device 3B 1s now
described.

In the on-state, a forward bias 1s applied between the anode
and the cathode. Thus, holes flow from the anode side to the
cathode side, and electrons flow from the cathode side to the
anode side.

Here, on the anode side, the p~-type anode regions 31, 36
are provided in addition to the p™-type anode region 37. This
suppresses the amount of holes injected from the anode side.

In the turn-oif state, a reverse bias 1s applied between the
anode and the cathode. Thus, holes existing 1n the n™-type
base layer 21 move to the anode electrode 40 side. Electrons
existing 1n the n™-type base layer 21 move to the cathode
clectrode 10 side. Then, electrons tlow through the n-type
buffer layer 22 and the n*-type cathode layer 20 into the
cathode electrode 10. On the other hand, at the time of reverse
bias application, holes flow through the p™-type anode region
37 into the anode electrode 40.

At turn-off time, electrons flow to the cathode electrode 10,
and holes flow to the anode electrode 40. In this state, starting
from the junction between the p~-type anode region 31, 36
and the n™-type base layer 21, a depletion layer spreads to the
n~-type base layer 21 and the p~-type anode region 31, 36.
The conduction between the anode electrode 40 and the cath-
ode electrode 10 1s cut off gradually 1n the semiconductor
device 3B.

Furthermore, at turn-oif time, electric field 1s made likely
to concentrate on the curved portion 36¢. Thus, avalanche 1s
made likely to occur near the curved portion 36¢. In the
semiconductor device 3B, holes generated by avalanche are
ejected through the p™-type anode region 37 to the anode
clectrode 40.

The semiconductor device 3B includes a plurality of
curved portions 36c¢. In the semiconductor device 3B, ava-
lanche 1s made likely to occur 1n each of the plurality of
curved portions 36¢. Thus, avalanche occurs at dispersed
positions. The avalanche current 1s ejected through the plu-
rality of p™-type anode regions 37 to the anode electrode 40.
This increases the breakdown withstand capability of the
semiconductor device at turn-oil time.

10

15

20

25

30

35

40

45

50

55

60

65

18

Furthermore, in the semiconductor device 3B, the p~-type
anode regions 31, 36 are provided 1n addition to the p™-type
anoderegion 37. This suppresses the amount of holes injected
from the anode side 1n the on-state compared with the semi-
conductor device not provided with the p™-type anode regions
31, 36. Thus, 1n the semiconductor device 3B, the switching
speed 1s accelerated.

Furthermore, 1n the semiconductor device 3B, the ava-
lanche current is ejected preferentially through the p™-type
anode region 37 to the anode electrode 40. Thus, the injection
of holes from the anode side can also be further suppressed by
turther decreasing the impurity concentration of the p™-type
anode region 31, 36.

As described above, 1n the semiconductor device 3B
according to the third embodiment, the acceleration of
switching speed 1s compatible with the increase of breakdown
withstand capability at turn-ofl time.

(Second and Third Vanations of the Third Embodiment)

FIGS. 15A and 15B are schematic sectional views of semi-
conductor devices according to variations of the third
embodiment. FIG. 15A 1s a schematic sectional view of a
semiconductor device according to a second variation. FIG.
15B 15 a schematic sectional view of a semiconductor device
according to a third vanation.

As shown 1in FIG. 15A, 1n the semiconductor device 3C, the
p~-type anode region 37 1s provided on part of the p~-type
anode region 36, and further provided on part of the p~-type
anode region 31. That is, the p™-type anode region 37 is
provided astride the p~-type anode region 36 and the p~-type
anode region 31.

In such a structure, the p™-type anode region 37 is located
above the curved portion 36c¢. Thus, the avalanche current 1s
ejected more efficiently through the p™-type anode region 37
to the anode electrode 40 side.

As shown 1n FIG. 15B, the semiconductor device 3D fur-
ther includes an interconnect layer 41 in contact with the
pT-type anode region 37, the anode electrode 40, and the
p_-type anode region 36.

In such a structure, the p™-type anode region 37 1s located
above the curved portion 36c¢. Thus, the avalanche current 1s
ejected more efficiently through the p™-type anode region 37
and the interconnect layer 41 to the anode electrode 40 side.

Fourth Embodiment

FIG. 16A 1s a schematic sectional view of a semiconductor
device according to a first example of a fourth embodiment.
FIG. 16B i1s a schematic sectional view of a semiconductor
device according to a second example of the fourth embodi-
ment.

In the semiconductor device 4A according to the first
example of the fourth embodiment, as shown 1n FIG. 16 A, the
p*-type anode region 32 and the anode electrode 40 are con-
nected by a connecting region 42. The material of the con-
necting region 42 may be identical to or different from the
material of the anode electrode 40. In the case where the
maternal of the connecting region 42 1s identical to the mate-
rial of the anode electrode 40, the connecting region 42 may
be part of the anode electrode 40. In this case, the connecting
region 42 1s an extending portion extending from the anode
clectrode 40.

In the semiconductor device 4B according to the second
example, as shown 1n FI1G. 16B, the portion of the connecting
region 42 other than the portion connected to the anode elec-
trode 40 1s surrounded with the p™-type anode region 32. In
the semiconductor device 4A, 4B, the distance between the
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connecting region 42 and the cathode electrode 10 1s shorter
than the distance between the p™-type anode region 31 and the
cathode electrode 10.

By way of example, a method for manufacturing the semi-
conductor device 4A 1s now described.

FIGS. 17A to 17C are schematic sectional views showing
a process for manufacturing the semiconductor device
according to the first example of the fourth embodiment.

First, as shown 1n FIG. 17A, a trench 217 1s formed 1n the
n~-type base layer 21 by photolithography and RIE. Next, as
shown in FIG. 17B, from the upper surface side of the n™-type
base layer 21, a p-type impurity element (e.g., boron) 1s 10n
implanted. On the upper surface side of the n™-type base layer
21, for instance, the impurity element 1s implanted 1n a larger
total amount of impurity than the total amount of 1impurity
contained in the n™-type base layer 21.

For 1nstance, the impurity element 1s implanted from the
upper surface 21s of the n™-type base layer 21 into the n™-type
base layer 21. In addition, the impurity element 1s implanted
through the 1nside of the trench 217 1nto the n™ -type base layer
21. Then, heat treatment 1s performed as necessary on the
n~-type base layer 21.

Thus, on the n™-type base layer 21, a p~-type anode region
30 and a p~-type anode region 31 are formed. The low con-
centration p-type anode region including the p~-type anode
region 30 and the p™-type anode region 31 1s formed along the
upper surface 21s of the n™-type base layer 21 and the inner
wall of the trench 21z

The p~-type anode region 30 and the p™-type anode region
31 are simultaneously formed. Thus, for instance, the total
amount of impurity contained in the p~-type anode region 30
1s equal to the total amount of impurity contained in the
p -type anode region 31. However, these total amounts of
impurity may be different. Examples in this case of being
different are also encompassed within the scope of this
embodiment.

Next, as shown in FIG. 17C, a mask 92 opening the trench
21¢ 1s formed on the low concentration p-type anode region.
This mask 92 may be based on an oxide film or the like formed
on the n™-type base layer 21. Subsequently, from the upper
surface side of the low concentration p-type anode region, a
p-type impurity element (e.g., boron) 1s further 1on 1implanted.
The impurity element 1s blocked by the mask 92, and selec-
tively implanted from the bottom of the trench 21¢ into the
p~-type anode region 30. Then, heat treatment 1s performed as
necessary.

Thus, a p™-type anode region 32 1s formed below the bot-
tom of the trench 21¢. Then, as shown 1n FIG. 16A, a con-
necting region 42 1s formed 1n the trench 21¢, and an anode
clectrode 40 1s formed on the p™-type anode region 30, 31.

In the fourth embodiment, a p-type impurity element 1s
implanted through the trench 217 into the n™-type base layer
21. Thus, adeep p~ -type anode region 30 1s formed even 1f the
diffusion distance of the impurity element 1s shorter than the
diffusion distance in the n™-type base layer 21 shown in FIGS.
2A and 2B. That 1s, the distance from the junction between the
p -type anode region 30 and the n™-type base layer 21 to the
cathode electrode 10 1s made shorter than the distance from
the junction between the p~-type anode region 31 and the
n~-type base layer 21 to the cathode electrode 10. In other
words, according to the fourth embodiment, the p~-type
anode region 30 can be formed by a diffusion process with
lower temperature and shorter diffusion time than according
to the first embodiment.

Furthermore, in the fourth embodiment, the p*-type anode
region 32 is closer to the curved portion 30¢ than in the first
embodiment. Thus, the avalanche current generated by the
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curved portion 30c¢ 1s ejected more reliably to the anode
clectrode 40 by the p™-type anode region 32. This further

increases the breakdown withstand capability of the semicon-
ductor device at turn-oif time.

Fitth Embodiment

FIG. 18A 1s a schematic sectional view of a semiconductor
device according to a first example of a fifth embodiment.
FIG. 18B i1s a schematic sectional view of a semiconductor
device according to a second example of the fifth embodi-
ment. FIG. 18C 1s a schematic sectional view of a semicon-
ductor device according to a third example of the fifth
embodiment.

FIG. 3 described above shows a structure in which two
pT-type anode regions 32 are provided 1n one p~-type anode
region 30. However, the number of p™-type anode regions 32
provided 1n one p~-type anode region 30 1s not limited to two.

For instance, as shown in FIG. 18A, one p*-type anode
region 32 may be provided 1n one p~-type anode region 30.
Alternatively, as shown in FIG. 18B, three or more p*-type
anode regions 32 may be provided in one p~-type anode
region 30.

Here, for instance, consider the case where the contact area
(or occupancy ratio) between one p*-type anode region 32
and the anode electrode 40 1n the semiconductor device SA 1s
equal to the contact area between two p*-type anode regions
32 and the anode electrode 40 in the semiconductor device
1A. Furthermore, consider the case where the contact area
(occupancy ratio) between three or more p*-type anode
regions 32 and the anode electrode 40 1n the semiconductor
device 5B is equal to the contact area between two p*-type
anode regions 32 and the anode electrode 40 1n the semicon-
ductor device 1A.

In the semiconductor devices SA, 5B, 1n the on-state, hole
injection from the anode side 1s suppressed. Furthermore, at
turn-oif time, holes reliably flow out to the anode electrode 40
through the p™-type anode region 32. Thus, in the semicon-
ductor devices SA, 5B, the breakdown withstand capability at
turn-oif time 1s 1ncreased.

Furthermore, 1n the semiconductor device 5B shown in
FIG. 18B, three or more p™-type anode regions 32 are dis-
persed 1n one p~-type anode region 30. According to simula-
tion, 1t has been found that hole 1njection from the anode side
in the on-state 1s further suppressed by narrowing the width
itself of the p™-type anode region 32. Thus, in the semicon-
ductor device 5B, hole injection from the anode side 1n the
on-state 1s further suppressed than in the semiconductor
device 1A, although the contact area between the p™-type
anode region 32 and the anode electrode 40 1s equal. Accord-
ingly, the semiconductor device 5B enables faster switching
operation than the semiconductor device 1A.

Furthermore, the high concentration p*-type anode region
may be provided outside the p~-type anode region 30. For
instance, as shown in FIG. 18C, the p™-type anode region 33
may be provided in the p~-type anode region 31. Thus, at
turn-oil time, holes flow out to the anode electrode 40 through
the p™-type anode region 33 in addition to the p*-type anode
region 32. As a result, the breakdown withstand capability at
turn-off time 1s further increased. Furthermore, in order to
suppress hole injection from the anode side 1n the on-state, the
total amount of impurity of the p~-type anode region 31 may
be made comparable to the total amount of impurity of the
p -type anode region 30. For instance, the total amount of
impurity contained in the p~-type anode region 30 at the
surface 1n contact with the anode electrode 40 1n the p~-type
anode region 30 may be made equal to the total amount of
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impurity contained in the p~-type anode region 31 at the
surface 1n contact with the anode electrode 40 1n the p~-type

anode region 31.

Sixth Embodiment

FI1G. 19 1s a schematic perspective view of a semiconductor
device according to a first example of a sixth embodiment.

In FIGS. 3 and 18B, a plurality of p™-type anode regions 32
are arranged 1n theY direction 1in the p~-type anode region 30.
However, the arranging direction of the plurality of p™-type
anode regions 32 1s not limited to the Y direction.

For instance, as 1n the semiconductor device 6 A shown 1n
FIG. 19, while the p~-type anode regions 30 are dispersed 1n
theY direction, the plurality of p*-type anode regions 32 may
be dispersed 1n the X direction. That 1s, 1n the semiconductor
device 6A, the plurality of p™-type anode regions 32 are
dispersed inthe X direction in which the p™-type anode region
30 extends. Thus, compared with the structure 1 which a
continuous p*-type anode region 32 is brought into contact
with the anode electrode 40, the contact area (or occupancy
rat10) between the p™-type anode region 32 and the anode
clectrode 40 1s decreased. This further suppresses hole 1njec-
tion from the anode side in the on-state. As a result, faster
switching operation can be performed.

FI1G. 20 1s a schematic perspective view of a semiconductor
device according to a second example of the sixth embodi-
ment.

In FIG. 19, the p™-type anode regions 32 are separated and
dispersed 1n the X direction. Alternatively, as 1n the semicon-
ductor device 6B shown 1n FIG. 20, an insulating layer 70
may be selectively provided between the p*-type anode
region 32 extending in the X direction and the anode electrode
40.

In this case, the gap between the adjacent insulating layers
70 constitutes an opening 70/ of the insulating layer. Through
this opening 70/, the p™-type anode region 32 and the anode
clectrode 40 are made electrically continuous. Such a struc-
ture also suppresses hole injection from the anode side in the
on-state and enables faster switching operation. Furthermore,
in the semiconductor device 6B, at turn-off time, the low
concentration anode region (p~-type anode region 30) located
below the insulating layer 70 serves as what 1s called a ballast
resistor. Thus, local concentration of the avalanche current 1s
turther dispersed. As a result, the breakdown withstand capa-
bility of the semiconductor device at turn-off time 1s further
increased.

Seventh Embodiment

FIG. 21 A 1s a schematic sectional view of a semiconductor
device. FIG. 21B 1s a graph showing the impurity concentra-
tion profile of a semiconductor device according to a first
example of a seventh embodiment. FIG. 21C 1s a graph show-
ing the impurity concentration profile of a semiconductor
device according to a second example of the seventh embodi-
ment.

FIG. 21B 1s a graph showing the impurity concentration
profile at the position of X-X' cross section in FIG. 21A. FIG.
21C 1s a graph showing the impurity concentration profile at
the position of Y-Y' cross section 1n FIG. 21A.

In the embodiment, in order to suppress hole injection from
the anode side at on-time, the total amount of impurity con-
tained 1n the p~-type anode region 30 1s made lower than the
total amount of 1mpurity contained 1n the p™-type anode
region 32.
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On the other hand, 1n the impurity concentration profile
310 according to a reference example, the impurity concen-
tration in the p~-type anode region 30 gradually decreases
from the anode side toward the cathode side. Then, the deple-
tion layer generated at turn-off time may excessively extend
and reach the anode electrode 40. In this case, what 1s called
the punch-through may occur and degrade the breakdown
voltage of the semiconductor device.

In contrast, 1n the semiconductor device 7A shown 1n FIG.
21B, the impurity concentration in the p~-type anode region
31 once increases, and then gradually decreases, from the
anode side toward the cathode side. That 1s, the impurity
concentration in the p~-type anode region 31 has a peak value
p 1n the p~-type anode region 31. In other words, the peak of
the impurity concentration 1s positioned between the anode
clectrode 40 and the n™-type base layer 21, and the impurity
concentration at the peak 1s higher than the impurity concen-
tration at a junction between the anode electrode 40 and the
p~-type anode region 31.

Such a structure suppresses the extension of the depletion
layer generated at turn-off time while maintaining Schottky
contact with the anode electrode 40. Thus, what 1s called the
punch-through 1s less likely to occur. As a result, the break-
down voltage of the semiconductor device 1s maintained.

Furthermore, also 1n the semiconductor device 7B shown
in F1G. 21C, the impurity concentration in the p~-type anode
region 30 once increases, and then gradually decreases, from
the anode side toward the cathode side. That 1s, the impurity
concentration in the p~-type anode region 30 has a peak value
p 1n the p~-type anode region 30. The position of the peak
value p may be located at a position deeper than the p™-type
anode region 32, or may be located in the p™-type anode
region 32.

Such a structure suppresses the extension of the depletion
layer generated at turn-off time. Thus, what 1s called the
punch-through 1s less likely to occur. That 1s, the depletion
layer generated at turn-oif time 1s less likely to reach the
pT-type anode region 32. As a result, the breakdown voltage
ol the semiconductor device 1s maintained.

Eighth Embodiment

FIG. 22 1s a schematic sectional view of a semiconductor
device according to an eighth embodiment.

In the semiconductor device 8 according to the eighth
embodiment, 1n the case where the p~-type anode region 30 1s
formed by 1on 1mplantation, the p~-type anode region 30 1s
tormed with the acceleration of the impurity element varied.

For instance, a p~-type anode region portion 30aq 1s formed
at a first energy. A p~-type anode region portion 305 1s formed
on the p~-type anode region portion 30q at a second energy.
Then, a p~-type anode region portion 30c¢ 1s formed on the
p -type anode region portion 305 at a third energy.

In this case, the {first energy 1s the highest, and the third
energy 1s the lowest. In such a structure, a deeper p -type
anode region 30 can be easily formed. Also 1 such a struc-
ture, the avalanche current 1s reliably ejected to the anode
electrode 40 by the p™-type anode region 32. As a result, the
breakdown withstand capability of the semiconductor device
at turn-oil time 1s further increased.

Ninth Embodiment

FI1G. 23 1s a schematic plan view of a semiconductor device
according to a ninth embodiment.
FI1G. 23 shows a schematic plan view of the semiconductor

devices 1A,1B,1C, 1D, 2A,2B,2C, 2D, 3A, 3B, 3C, 3D, 4A,
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4B, 5A, 5B, 6A, 6B, 7A, 7B, 8. Each of the semiconductor
devices 1A-8 includes an active region 95 and a peripheral
region 96 surrounding the active region 95. Here, the active
region 95 1s a region 1n which the semiconductor device can
function as an element (diode).

For instance, the occupancy ratio of each of the p™-type
anoderegions 32, 33, 34, 37, 35 1n an arbitrary region 97 1n the
active region 95 1s 20% or less, and preferably 10% or less.
Here, the arbitrary region 97 refers to a region of e.g. 100 um
square randomly selected from 1nside the active region 95. In
the region 97, the semiconductor device can function as a
diode 1illustrated in this embodiment.

Such a dimension or occupancy ratio of the p™-type anode
region enables fast switching and high breakdown withstand
capability at turn-off time of the semiconductor devices 1A-8.

Furthermore, 1n the first to ninth embodiments described
above, the width 1n the Y direction of each of the p™-type
anode regions 32, 33, 34, 37, 35 in the p™-type anode region 1s
e.g. 10 um or less. The film thickness of each of the p™-type
anode regions 32, 33, 34, 37, 35 in the p™-type anode region 1s
S um or less.

The pitch in the Y direction of the p™-type anode regions 32,
33, 34, 37, 35 1n the p™-type anode region 1s 100 um or less.
However, 1n FIGS. 18B and 18C, the sets of a plurality of
pT-type anode regions 32 in the p~-type anode region are
arranged at a pitch of 100 um or less 1n the Y direction.

The occupancy ratio of each of the p™-type anode regions
32,33, 34, 37, 35 1n an arbitrary region in the active region of
the semiconductor device 1s 20% or less, and preferably 10%
or less.

In the present embodiments, the semiconductor 1s com-
posed primarily of e.g. silicon (S1). However, the present
embodiments are also applicable to semiconductor devices
including compound materials such as silicon carbide (S1C)
and gallium nitride (GaN). Furthermore, obviously, similar
elfects are achieved even 1 the conductivity types of the
p-type semiconductor layers and the n-type semiconductor
layers of the present embodiments are interchanged.

The embodiments have been described above with refer-
ence to examples. However, the embodiments are not limited
to these examples. More specifically, these examples can be
appropriately modified i design by those skilled 1n the art.
Such modifications are also encompassed within the scope of
the embodiments as long as they include the features of the

embodiments. The components included 1n the above
examples and the layout, matenal, condition, shape, size and
the like thereof are not limited to those i1llustrated, but can be
appropriately modified.

Furthermore, the components included in the above
embodiments can be combined as long as techmically fea-
sible. Such combinations are also encompassed within the
scope of the embodiments as long as they include the features
of the embodiments. In addition, those skilled 1n the art could
conceive various modifications and variations within the
spirit of the embodiments. It 1s understood that such modifi-
cations and variations are also encompassed within the scope
of the embodiments.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not mtended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the nventions. The accompanying
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claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the mnvention.

What 1s claimed 1s:

1. A semiconductor device comprising:

a first electrode;

a second electrode;

a first semiconductor layer of a first conductivity type
provided between the first electrode and the second elec-
trode:

a second semiconductor layer of the first conductivity type
provided between the first semiconductor layer and the
second electrode, and the second semiconductor layer
having a lower impurity concentration than the first
semiconductor layer;

a first semiconductor region of a second conductivity type
provided between part of the second semiconductor
layer and the second electrode;

a second semiconductor region of the second conductivity
type provided between a portion different from the part
of the second semiconductor layer and the second elec-
trode, and the second semiconductor region being in
contact with the first semiconductor region; and

a third semiconductor region of the second conductivity
type provided between at least part of the first semicon-
ductor region and the second electrode,

impurity concentration of the third semiconductor region
at a surface in contact with the second electrode in the
third semiconductor region being higher than impurity
concentration of the first semiconductor region at a sur-
face 1n contact with the second electrode in the first
semiconductor region and impurity concentration of the
second semiconductor region at a surface in contact with
the second electrode 1n the second semiconductor
region, and

a first layer having the first semiconductor layer and the
second semiconductor layer, thickness of the first layer
between the first semiconductor region and the first elec-
trode being less than thickness of the first layer between
the second semiconductor region and the first electrode.

2. The device according to claim 1, wherein the first semi-
conductor region includes a curved portion, and a junction
portion between the first semiconductor region and the sec-
ond semiconductor layer 1s curved in the curved portion.

3. The device according to claim 1, wherein an impurity
concentration 1n the second semiconductor region has a peak
value 1n the second semiconductor region, the peak of the
impurity concentration 1s positioned between the second
clectrode and the second semiconductor layer, and the impu-
rity concentration at the peak 1s higher than the impurity
concentration at a junction between the second electrode and
the second semiconductor region.

4. The device according to claim 2, wherein the third semi-
conductor region 1s located at least near directly above the
curved portion.

5. The device according to claim 1, wherein the first semi-
conductor region and the second semiconductor region are 1n
Schottky contact with the second electrode.

6. The device according to claim 1, wherein a material of
the second electrode are a metal containing at least one
selected from the group consisting of platinum (Pt), titanium
(T1), mickel (IN1), tungsten (W), gold (Au).

7. The device according to claim 1, wherein the third semi-
conductor region 1s in ochmic contact with the second elec-
trode.

8. The device according to claim 1, wherein the third semi-
conductor region 1s provided between the at least part of the



US 9,337,189 B2

25

first semiconductor region and the second electrode, and fur-
ther provided between part of the second semiconductor
region and the second electrode.

9. The device according to claim 1, further comprising;:

a connecting region between the third semiconductor

region and the second electrode.

10. The device according to claim 9, wherein distance
between the connecting region and the first electrode 1s
shorter than distance between the second semiconductor
region and the first electrode.

11. A semiconductor device comprising:

a first electrode;

a second electrode;

a first semiconductor layer of a first conductivity type

provided between the first electrode and the second elec-
trode;:

a second semiconductor layer of the first conductivity type
provided between the first semiconductor layer and the
second electrode, and the second semiconductor layer
having a lower impurity concentration than the first
semiconductor layer;

a first semiconductor region of a second conductivity type
provided between part of the second semiconductor
layer and the second electrode; and

a third semiconductor region of the second conductivity
type provided between part of the first semiconductor
region and the second electrode,

impurity concentration of the third semiconductor region
at a surface 1n contact with the second electrode 1n the
third semiconductor region being higher than impurity
concentration of the first semiconductor region at a sur-
face 1n contact with the second electrode 1n the first
semiconductor region.

12. The device according to claim 11, wherein the first
semiconductor region includes a curved portion, and a junc-
tion between the first semiconductor region and the second
semiconductor layer 1s curved 1n the curved portion.

13. The device according to claim 12, wherein the third
semiconductor region 1s located at least near directly above
the curved portion.

14. The device according to claam 11, wherein the first
semiconductor region 1s in Schottky contact with the second
clectrode.

15. The device according to claim 11, wherein a material of
the second electrode are a metal containing at least one
selected from the group consisting of platinum (Pt), titanium
('T1), mickel (N1), tungsten (W), gold (Au).

16. The device according to claim 11, wherein the third
semiconductor region 1s in ohmic contact with the second
clectrode.
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17. The device according to claim 11, further comprising;:

an 1nsulating layer between the second semiconductor
layer 1n the portion not provided with the first semicon-
ductor region and the second electrode.

18. The device according to claim 11 wherein the third
semiconductor region 1s provided between the part of the first
semiconductor region and the second electrode, and further
the third semiconductor region 1s provided between the sec-
ond semiconductor layer in the portion not provided with the
first semiconductor region and the second electrode.

19. A semiconductor device comprising:

a first electrode:;

a second electrode;

a first semiconductor layer of a first conductivity type
provided between the first electrode and the second elec-
trode;

a second semiconductor layer of the first conductivity type
provided between the first semiconductor layer and the
second electrode, and the second semiconductor layer
having a lower impurity concentration than the first
semiconductor layer;

a second semiconductor region of a second conductivity
type provided between part of the second semiconductor
layer and the second electrode; and

a third semiconductor region of the second conductivity
type provided between a portion different from the part
of the second semiconductor layer and the second elec-
trode, and the third semiconductor region being in con-
tact with the second semiconductor region,

impurity concentration of the third semiconductor region
at a surface in contact with the second electrode in the
third semiconductor region being higher than impurity
concentration of the second semiconductor region at a
surtface 1n contact with the second electrode in the sec-
ond semiconductor region,

a first layer having the first semiconductor layer and the
second semiconductor layer, thickness of the first layer
between the third semiconductor region and the first
clectrode being less than thickness of the first layer
between the second semiconductor region and the first
electrode, and

width of the third semiconductor region being narrower
than width of the second semiconductor region in a first
direction, and the second semiconductor region and the
third semiconductor region are arranged in the first
direction.

20. The device according to claim 19, wherein the third
semiconductor region includes a curved portion, and a junc-
tion between the third semiconductor region and the second
semiconductor layer 1s curved 1n the curved portion.
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